• Vitamin D was successfully encapsulated by emulsion procedure • The soy protein isolate can protect 85% of vitamin D from degradation • The size distribution of nanocapsules and polydispersity index were 104 nm and 0.4, respectively • The SEM analysis of dried nanocapsules of vitamin D shows the round shape and homogeneity dispersion
the human gastrointestinal tract, the lipid breaks down and makes mixed micelles that can solubilize and transfer other lipids. Vitamin D is a fat-soluble nutraceutical, which is very important for calcium and phosphorus absorption and necessary for cardiovascular health, helping to prevent cancer and improve the immune system [2] . Vitamin D exists in the form of vitamin D 2 and D 3 , the latter being more bioavailable than the former. Many people around the world suffer from insufficient vitamin D, mainly caused by avoidance of sun exposure for preventing melanoma. Lack of this vitamin can be complemented by food fortification. Vitamin D is therefore added to foods in the forms of vitamin D 2 or D 3 in accordance with applicable legislation [3] .
Vitamin D is an important nutraceutical that is not water-soluble and is vulnerable to heat and oxygen exposure. Due to its importance, the subject of vitamin D encapsulation has been thoroughly studied by researchers [2] [3] [4] [5] [6] [7] [8] [9] . In addition, different methods exist for encapsulation, such as salting-out, solvent evaporation and emulsification, which are the most common methods in food industries. Depending on the physical and chemical properties of nutrition and its application in food industry, specific methods of the encapsulation were designed [4] . Two different methods were designed for encapsulation of dairy products with vitamin D, precrystalline vitamin D and emulsified vitamin D. The results showed that emulsified vitamin D is more stable in the products [5] . The influence of a number of parameters, such as different surfactants and stirring conditions, of spontaneous emulsification of vitamin D was studied, and supported the idea that it has great potential for food and pharmaceutical applications [6] . Complex nanoparticles from the polymer of carboxymethyl chitosan (CC) and soy protein isolate (SI) encapsulated vitamin D. The effects of Ca 2+ concentration, pH and the polymer ratio (CC/SI) on the formation of the nanoparticles were investigated. The results indicated that the obtained nanoparticles reduced the release of vitamin D in simulated gastric fluid and increased its release under intestinal conditions [2] . In another study, corn protein hydrolysate encapsulated vitamin D where a novel carrier was used to enhance physicochemical stability and bioavailability of vitamin D. The results showed that the carrier could improve the bioavailability of vitamin D when exposed to the light [7] . Vitamin D was also encapsulated by protein-fatty acid and the findings show that by using different proteins and fatty acids, the stability of vitamin D increased when exposed to temperature of 37 °C or UV light [8] .
Emulsification such as microemulsions and nanoemulsions, are the most convenient methods to encapsulate lipophilic nutritional compounds such as vitamin D within an aqueous phase [9] . The emulsification has been proven as an efficient method to increase vitamin D water solubility and stabilize it against surrounding conditions. In this way, a stable vitamin D emulsion can be easily used directly in its aqueous phase in foods such as dairy products, juices and soft drinks.
The emulsion stability over time and under environmental conditions is extremely important. It can be measured by different mechanisms, such as creaming index, flocculation, sedimentation, coalescence between droplets and phase inversion [10] . An important point in emulsion stability is to achieve a stabilized droplet by the use of the emulsifier [11] . The emulsifier is adsorbed to the surface of the oil droplet and improves oil stability [12] . Also, the emulsifier reduces the interfacial tension and prevents droplet aggregation [13] .
Different kinds of emulsifiers are being used in the food and pharmaceutical industries, including proteins, polysaccharides and surfactants [14] , but natural emulsifiers are generally preferred over synthetic ones. Polysaccharides are most often used in emulsions, and proteins less [11] . Each bioemulsifier has its advantages and disadvantages during emulsification. Most globular proteins after homogenization produce smaller particles, but these particles are not stable over time [15] . Many studies demonstrate that polysaccharides in emulsions are more stable than proteins during storage [16] . However, they need a higher concentration in emulsion, compared to proteins [17] . Gum arabic and modified starch are two other common types of emulsifiers, which have good water solubility [18] . Soy protein isolate also has high water solubility potential and balanced amino acid, which can permit good interaction with nutraceuticals [2] .
In the present study, the effect of four different emulsifiers and salts was evaluated for the first time. Besides, this research investigates the effects of different emulsifiers, such as gum arabic, maltodextrin, soy protein isolate, 35% whey protein concentrate, and the effects of factors such as the choice of biopolymer, pH, ionic strength and temperature on the stability of an emulsion, which can provide protection of vitamin D. The aim of this work is the studying of using new bioemulsifiers like soy protein isolate and maltodextrin in order to improve the stability of the emulsion of vitamin D. Also, Ca 2 (PO 3 ) 4 was used for measuring the ionic strength of the emulsion stability. The stable produced emulsion is converted to the capsules of vitamin D by spray dryer. The size and dispersion of the capsules were also investigated. 
MATERIALS AND METHODS

Vitamin
Preparation of oil in water emulsions
The four emulsifiers such as WPC, GA, SI, MD with concentrations between 0.5-7 wt.% were dispersed in buffer solutions containing 10.0 mM sodium citrate, 0.01% sodium azide, at pH 3. The oil phase contained 2.5 wt.% vitamin D, which was dissolved in medium-chain triglycerides (MCT). These two phases were mixed by using an M133/1281-0 high-speed mixer (Biospec Products, Inc., Bartlesville, OK, USA) for 5 min at 10,000 rpm. Then, 4 wt.% of the oil phase was added to 96 wt.% aqueous phase at 25 °C and the emulsion was homogenized [19, 20] . Then the emulsion was passed through an M-110L high-pressure microfluidizer for five passes at 9,000 psi (Microfluidics, Newton, MA, USA). The procedure was repeated using each emulsifier individually.
Investigation of different environmental conditions on emulsion stability
First, four emulsifiers (35% whey protein concentrate, gum arabic, soy protein isolate and maltodextrin) with different concentrations are considered. The best concentration for a stable emulsion is selected. Different parameters such as pH, which ranges between 2 and 8, and two salts, NaCl and Ca 2 (PO 3 ) 4 with different concentrations and temperatures between 30 and 90 °C, were analyzed. The stability of the emulsion is measured by a particle size analyzer and creaming index. The best conditions of emulsifier type, pH, salts concentrations and temperature are chosen. Then, four stable emulsifier emulsions are prepared at these conditions and analyzed during one month in order to protect vitamin D. Finally, the stable emulsion which can protect vitamin D better than the others is our desirable emulsion. The desirable emulsion is converted to capsules. These capsules were analyzed by SEM and particle size analyzer. The morphology of these capsules is very important. The surface of these capsules should be smooth without cracks in which vitamin D couldn't penetrate to the outside of the capsules.
First, different concentrations of the emulsifiers were tested, and the emulsions that exhibited the highest stability (the most suitable concentration of emulsifier) were selected for further assessing their stability under different conditions. In order to characterize the pH, salt and temperature stability, particle size and zeta potential measurements of the emulsions under different conditions were performed. pH stability Emulsions were prepared with pH values in the range 2 < pH < 8 by aqueous buffer solutions. By using NaOH and HCl, the pH values were adjusted to desired values and then 25 ml of emulsions were transferred to glass tubes at ambient (25 °C) temperature for 24 h before the analysis [19] .
Salt stability
The emulsions with pH 7.0 were selected to test different amounts of NaCl (0-600) mM and Ca 2 (PO 3 ) 4 0-100 mM, as well as of buffer solutions. The emulsions were mixed for 15 min at 8000 rpm and stored at 25 °C overnight before the analysis [19] .
Stability to heating
Emulsions with pH 7.0 and the concentration of salt that causes the minimum size distribution were placed in a water bath at a fixed temperature (from 30 to 90 °C). Then, the emulsion samples were stored at ambient temperature for 24 h prior to the analysis [21] .
Measurement of particle size
The mean particle size and size distribution of the samples were measured by dynamic light scattering (Nano-ZS, Malvern instrument, UK). Samples were diluted 1:100 by sodium citrate buffer at the same pH and ionic composition before the measurement of particle size. Mean droplet size was reported as Z-average diameter. The ζ-potential of droplets was determined by using a particle electrophoresis instrument (ZEN3600, Nano-series, Zetasizer, Malvern instrument, UK).
Creaming index An amount of 25 ml of samples was placed in a tube and stored at 25 °C for 7 days after the preparation. The boundary between the two phases could be easily seen: phase one was oil-rich, while phase two was turbid and in a larger amount at the bottom of the tube. The height of the oil phase (HOP) may be used to calculate the creaming index (CI) as the percent ratio of HOP to the height of total emulsion.
Creaming index = 100×(the height of oil phase)/ /(height of total emulsion)
Vitamin D analysis
At first, solutions of 30, 60, 90 and 120 µg of vitamin D in ethanol were prepared as standard. The standard curve was obtained by regression analysis (y = 0.0121x + 0.0432) with R of the vitamin D emulsion samples and 0.5 ml of aqueous potassium hydroxide (KOH, 60%) aliquots were poured into test tubes. The tubes were sealed and vortexed by Phonix, Araraquara (Sao Paulo, Brazil, Ap560). Then, the tubes were placed in a water bath for 30 min and shaken for 5 min. 30 min after shaking, the tubes with the samples were cooled in an ice-water bath and allowed to rest for 10 min. After that, 4 ml ethanol was added to each sample and vortexed. The tubes with the samples were centrifuged at 2000g (Sigma, USA) and the ethanol was collected and transferred to a UV-160 Shimadzu spectrophotometer (Japan), for determining vitamin D concentration at 265 nm. The tests were repeated three times [3] .
Spray drying the emulsion
The most common form of vitamins, which is easily used in the food and pharmaceutical industries, is powder. From the different emulsions of vitamin D tested, the stable ones were selected for spray drying. The stable emulsions were spray dried using a mini-spray drier (B-290, Buchi, Switzerland). The inlet temperature was 180 °C and outlet temperature was 89 °C. The emulsion feed rate was 4 ml/min.
SEM analysis
For scanning electron microscopy (SEM) analysis, the samples were sprinkled on double adhesive tape fixed on aluminum stubs and then put into vacuum desiccators to dry out. The dried emulsion (capsules) was coated with gold-palladium using a sputter coater machine model 7620 C for 180 s. The SEM analysis of the capsules was carried out with a Stereoscan S360 model (Leica, Cambridge, UK). The capsules were observed at an accelerating voltage of 20 kV.
All samples were prepared in triplicate and the results have been reported as a means with its standard deviation. The stability of the emulsions was determined by a particle size analyzer, and by assessing ζ-potential and creaming index.
RESULTS AND DISCUSSION
Emulsifier concentration
In this section, different biopolymers with different concentrations were investigated to determine the minimum droplet diameter. These samples were produced by 4% oil phase and 96% aqueous phase. Emulsions with the minimum droplet diameter are very stable during storage. When the size of the droplets increases gravitational separation occurs and the two oil and aqueous phases are formed [22] . Figure 1 shows that an increasing emulsifier concentration causes the size of the emulsion droplets to decrease, and the droplets are completely covered and saturated by the emulsifiers [23] . By increasing the emulsifier concentration, the droplet size was reduced because there was a sufficient amount of emulsifier for the oil droplets [24] . The minimum concentration and minimum size of particles obtained were as follows: gum arabic 7%, 468 nm, maltodextrin 2%, 266 nm, WPC 0.5% 190 nm, SI 4%, 132 nm. The decrease in droplet diameter when increasing the emulsifier concentration was observed only for gum arabic. There was no gradual increase or decrease when using other emulsifiers. Emulsion samples with minimum particle size and minimum concentration were used for further investigations.
Influence of pH on emulsion stability
It is important to assess the effect of pH on the stability of different emulsions when considering applications of the studied emulsions in the food industry, since products such as soft drinks and dairy drinks have different pH values, acidic and neutral, respectively. We investigated the particle size in emulsion samples with varying pH values: 2 < pH < 8. Figure 1 . The effect of emulsifier concentration on the mean droplet particle size.
The average particle size of WPC at low pH (2 < pH < 4) and at high pH (7 < pH < 8) was lower than that reached at pH 5.0, which is the isoelectric point of WPC. The particle size of soy protein isolate was higher around pH 4 compared to the particle size at pH 2, 3 and that at pH 6, 7 and 8. Gum arabic and maltodextrin with particle sizes of 416-466 nm and 250-272 nm, respectively, were constant in the whole pH range 2 < pH < 8. Figure 2a shows that gum arabic and maltodextrin are stable at all pH values, because these polysaccharides can fully cover the oil droplets, and as a result the van der Waals forces between droplets decrease [12] and steric repulsion is stronger than electrostatic repulsion. Protein droplets, like soy proteins and WPC, are not stable at their isoelectric point because the electrostatic repulsion between droplets is reduced. At the isoelectric point negative and positive charges are equal while net protein is without charge, so the electrostatic repulsion is dominated by steric repulsion. Thus, under the effect of attractive Vander Waals forces, droplets aggregate [16] .
The influence of pH on droplets' ζ-potential is shown in Figure 2b . The ζ-potential of WPC droplets was highly positive at low pH and reduced to negative values by increasing the pH, while at pH 4 to pH 5, it became zero. The ζ-potential of SI droplets showed the same behavior as those of WPC: at low pH the droplets were positive, while at high pH they were negative. The dependence of droplet charge on the pH is related to the isoelectric point of proteins [27] . The isoelectric point of WPC and SI is between 4-5 and 5, respectively. At a pH below the isoelectric point, the concentration of H + is high, and the amino groups of the proteins are positively charged (NH 3 + ) and carboxyl groups are neutral (COOH), so the net protein charge is positive. At high pH, the concentration of H + is low, the carboxyl groups are negative (COO -) and the amino groups are neutral, so the net charge of protein is negative. At the pI of protein, the positive and negative charges are balanced and the total protein net charge is zero [28] . The interaction between the droplets of the emulsifier is electrostatic repulsion instead of steric repulsion. Therefore, at a Figure 2 . a) Effect of pH on the mean droplet particle size of gum arabic, maltodextrin, whey protein concentrated, soy protein isolate emulsions (0 mM salt). b) Influence of pH on the droplet charge (ζ-potential) of gum arabic, maltodextrin, whey protein concentrated, soy protein isolate emulsions.
pH around the pI, the droplets have a high tendency to aggregate because of the van der Waals attraction between droplets and as a consequence the emulsion is not stable [29, 30] . The charge of GA and MD droplets is negative at all pH values, which demonstrates the presence of negative groups (COO -) on these polysaccharides. The negative charge of GA is higher than that of MD, and it may be the linear charge density of GA, which is higher than that of MD [14, 18] . The negative charge of droplets can cause transfer of metals, which increase the oxidation of lipids. The negative droplets of emulsion can absorb the positive metals in food emulsion and promote the lipid oxidation. The reduction of pH below 5 causes the negative charge of the droplets to decrease because it is below the pK a values of carboxyl groups and they lose their charges [31] .
Influence of ionic strength on emulsion stability
Many solutes in food emulsions are ionic and capable of being ionized, which depends on the nature of the food and emulsions, and the oil which is emulsified [32] . Salt is one of the important factors of coalescence, affecting emulsion stability. We examined the effect of ionic strength using two salts: NaCl (0-600 mM), used to achieve better absorption of vitamin D, and Ca 3 (PO 4 ) 2 (0-70 mM), used to enrich the emulsion with calcium. No significant changes in particle size were observed for maltodextrin and gum arabic with increasing NaCl and Ca 3 (PO 4 ) 2 concentration. This consistency may be related to the steric repulsion between the droplets of GA and MD [33] , and to the absence of electrostatic repulsion.
Both whey protein and soy protein isolate became unstable with the addition of the salts. Figure  3a and b reveal that the particle size of proteins increased remarkably (WPC at NaCl > 200 mM and SI at NaCl > 100 mM and WPC at Ca 3 (PO 4 ) 2 > 20 mM and SI at Ca 3 (PO 4 ) 2 > 10 mM). The droplets are not stable at higher salt concentrations because of the reduction of electrostatic repulsion among the droplets. The ions of the salts can screen the electrostatic Figure 3 . a) The effect of NaCl concentration on the mean droplet particle size of gum arabic, maltodextrin, whey protein concentrated, soy protein isolate emulsions (pH 7.0). b) Effect of Ca 3 (PO 4 ) 2 concentration on the mean droplet particle size of gum arabic, maltodextrin, whey protein concentrated, soy protein isolate emulsions (pH 7.0). interaction and they can make bridges among the charged droplets [22] . The electrostatic repulsion is not strong enough to overcome the attractive van der Waals interaction [30] . These protein emulsifiers are not stable over time, thus gravitational separation occurs and the creaming layer is observed at the top of the emulsions. The Ca 3 (PO 4 ) 2 has multivalent ions. Its screening and binding effect is greater than that of NaCl, and it can destabilize the emulsion in a lower concentration than that necessary for NaCl [32] . Figures 4a and 4b indicate that the negative charge of WPC and SI droplets decreased when increasing the salt concentration [34] . These results may be attributed to electrostatic screening and ion binding of positive charge of Na + and Ca 2+ on negatively charged groups (COO -) of proteins by electrostatic attraction screening of the net charge of proteins. The surface charge of multivalent ions of Ca 2+ is higher than that of Na + and can screen the proteins. Net charge and ion binding would decrease more the ζ-potential. The ζ-potential of GA and MD underwent little changes when increasing the salt concentration, which would be the effect of charge compensation in the interfacial structure or composition with increasing ionic strength [35] .
Effect of thermal treatment on emulsion stability
The application of an emulsion at different ranges of temperature, as well as thermal processing, such as sterilization, pasteurization and cooking, causes emulsion degradation [36] . Therefore, we investigated the influence of temperature (between 30 and 90 °C) on the particle size and creaming stability of GA, WPC, SI and MD. The other experimental conditions were as follows: time -15 min, salt concentration -between 0 and 100 mM of NaCl, pH 7.0. Figure 5a illustrates a significant effect of temperature on the particle size of the emulsion in the absence of salts. As shown in Figure 5b , when increasing the temperature and salt concentration to 100 mM, the GA and MD emulsions were stable and there were no remarkable changes in emulsion particle size. However, the WPC emulsion was unstable at 70 °C and its particle size increased considerably. Similarly, the SI emulsion was not stable at 80 °C and its particles increased in size. It has been reported that emulsions stabilized by protein are unstable when exposed to thermal processing, because these proteins unfold the oil droplets when temperatures exceed critical values, and their reactive groups like non-polar or sulfhydryl groups are located in their intersurface [36] , which increase the attractive interaction among proteins adsorbing each other or different droplets [19] . By adding the salts, the electrostatic repulsion is not strong enough to overcome the hydrophobic interaction and van der Waals attraction, which leads to an increase in droplet flocculation [25, 37, 38] . Heating the soy protein isolate emulsion in the presence of salts shows an unstable emulsion and leads to disruption of the quaternary structure of proteins and dissociation of the subunits. This dissociation causes proteins to unfold, and increase the hydrophobicity of surfaces and interactions between polypeptide chains [39, 40] . GA and MD are polysaccharides, which do not unfold at high temperatures.
Stability of emulsions under environmental conditions
The emulsions with the least particle size were prepared and stored in test tubes at 25 °C (environmental condition) for 30 days, and every 7 days the samples were assessed to determine the amount of vitamin D available. The results (see Figure 6) show that the soy protein emulsion offered the best protection, preventing vitamin D oxidation and degradation. The final amount of vitamin D found in each emulsion was as follows: 85, 74, 69.5 and 70% for SI, WPC, MD and GA, respectively. The mechanism by which soy protein offers protection to vitamin D consists in the following: the vitamin cannot be easily mobile due to the binding proteins and the oxidizing agent has restricted accessibility to vitamin D due to the protein barrier [40] . Another important factor is the decrease of lipid oxidation by the reduction of emulsion particle size, which should limit the issues of oxidation. Thus, the minimum amount of vitamin D would be oxidized in smaller droplets [41] . Figure 5 . a) Effect of temperature on the mean droplet particle size of gum arabic, maltodextrin, whey protein concentrated, soy protein isolate emulsions (0 mM salt, pH 7.0). b) Effect of temperature on the mean droplet particle size of gum arabic, maltodextrin, whey protein concentrated, soy protein isolate emulsions (100 mM salt, pH 7.0).
SEM analysis of spray dried emulsions
Most of the time emulsions are used in powder form in the food industry. We carried out the SEM analysis of the SI emulsion, which proved the best ability to protect vitamin D from the series of emulsifiers investigated, by first spray drying it. Figure 7 shows the particle size distribution of the nanocapsules, which were of 104 nm and had a polydispersity index of 0.4. SEM images of spray dried nanocapsules in Figure 8 indicate that the droplets of the nanocapsules had a round shape and were dispersed homogeneously. In addition, no cracks could be observed on the surface of the nanocapsules. 
CONCLUSION
This study has investigated the effect of different biopolymers, such as two polysaccharides (gum arabic and maltodextrin) and two proteins (35% whey protein concentrate and soy protein isolate) on the formation of emulsions with the objective to provide protection to vitamin D against degradation. The minimum concentration of emulsifier necessary to achieve the minimum droplet size was found to be the following: gum arabic 7%, 468 nm; maltodextrin 2%, 266 nm; WPC 0.5% 190 nm; and SI 4%, 132 nm. Among these emulsifiers, the SI emulsion demonstrated the best ability to produce small droplets at low emulsifier concentration, and the emulsions were more stable under environmental conditions, as well as under variable emulsion conditions. The SI and WPC emulsions exhibited extensive aggregation and destabilization around their isoelectric point (WPC 4 < pH < 5, SI pH 5) at high salt concentration (WPC at NaCl >200 mM and SI at NaCl >100 mM and WPC at Ca 3 (PO 4 ) 2 >20 mM and SI at Ca 3 (PO 4 ) 2 >10 mM). At high temperatures (WPC >70 °C, pH 7, 100 mM, SI >80 °C, pH 7, 100 mM NaCl), the results demonstrated changes in electrostatic and hydrophobic interactions and predominant van der Waals attraction among droplets. The results achieved in the present study led to the conclusion that the gum arabic, maltodextrin and WPC emulsions presented inadequate particle nanosize, while the SI emulsion could protect vitamin D against degradation better than the others during one month.
